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ABSTRACT Intensification of rangeland management has coincided with population declines among
obligate grassland species in the largest remaining tallgrass prairie in North America, although causes of
declines remain unknown. We modeled population dynamics and conducted sensitivity analyses from
demographic data collected for an obligate grassland bird that is an indicator species for tallgrass prairie,
the greater prairie-chicken (Tympanuchus cupido), during a 4-year study in east-central Kansas, USA. We
examined components of reproductive effort and success, juvenile survival, and annual adult female survival
for 3 populations of prairie-chickens across an ecological gradient of human landscape alteration and land use.
We observed regional differences in reproductive performance, survivorship, and population dynamics. All 3
populations of prairie-chickens were projected to decline steeply given observed vital rates, but rates of decline
differed across a gradient of landscape alteration, with the greatest declines in fragmented landscapes.
Elasticity values, variance-scaled sensitivities, and contribution values from a random-effects life-table
response experiment all showed that the finite rate of population change was more sensitive to changes
in adult survival than other demographic parameters in our declining populations. The rate of population
change was also sensitive to nest survival at the most fragmented and least intensively grazed study site;
suggesting that patterns of landscape fragmentation and land use may be affecting the relative influences of
underlying vital rates on rates of population growth. Our model results indicate that 1) populations of prairie-
chickens in eastern Kansas are unlikely to be viable without gains from immigration, 2) rates of population
decline vary among areas under different land management practices, 3) human land-use patterns may affect
the relative influences of vital rates on population trajectories, and 4) anthropogenic effects on population
demography may influence the regional life-history strategies of a short-lived game bird. � 2012 The
Wildlife Society.

KEY WORDS contributions, elasticity, land use and land cover change (LULCC), Leslie matrix, life-table response
experiment (LTRE), population viability, prospective analysis, variance-scaled sensitivities.

Intensification of agricultural practices has had negative
impacts on grassland and farmland birds worldwide
(Vickery et al. 1999, Donald et al. 2001, Kleijn et al.
2010). In North America, declines of grassland bird popula-
tions have been steeper and more widespread than any other
guild of birds because of land use and land cover change in
native prairies (Knopf 1994, Peterjohn and Sauer 1999).More
than 95% of the American tallgrass prairie has been lost to
cultivation and much of the remaining habitat is intensively
managed for livestock production (Samson and Knopf 1994,
Vickery et al. 1999). Grassland birds coevolved with large

grazing animals and periodic fire, but modern practices for
management of grasslands for livestock production are the
most significant ecological driver for native species in intact
grasslands (Fuhlendorf and Engle 2001). For example, hay-
cutting in grasslands can be beneficial or detrimental to the
productivity of grassland songbirds, depending on timing of
mowing and relative condition of the surrounding landscape
(Perlut et al. 2008, With et al. 2008). Interactions between
grazing and fire frequency of native prairies influence demo-
graphy, abundance, and diversity of grassland birds (Powell
2006, 2008; With et al. 2008), as well as the probabilities of
site colonization and local extinction (McNew et al. 2012).
The Flint Hills of eastern Kansas is an ecologically impor-

tant ecoregion that contains the largest remaining tracts of
intact tallgrass prairie in North America. In the past 30 years,
rangeland management practices have shifted from periodic
burning and year-round grazing by cow-calf herds to more
intensive annual spring burning combined with intensive
early stocking of steers during the first half of the summer
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growing season (Smith and Owensby 1978). Intensification
of rangeland management has coincided with population
declines among obligate grassland species (Robbins et al.
2002, Reinking 2005, Powell 2008), which appear to be due
to reduced demographic performance among animals that
require residual vegetative cover for concealment (Wilgers
and Horne 2006, With et al. 2008).
The greater prairie-chicken (Tympanuchus cupido L.; here-

after prairie-chicken) is an obligate grassland bird and an
indicator species for unfragmented grasslands in the tallgrass
prairie ecosystem (Poiani et al. 2001, Winter et al. 2006).
Ongoing range contractions and declines in population num-
bers of prairie-chickens have paralleled continental losses of
native tallgrass prairie, and the species currently occupies
only a fraction of their original range prior to European
settlement (Schroeder and Robb 1993, Johnsgard 2002).
Eastern Kansas is a core area for prairie-chickens because
large tracts of grasslands remain relatively intact (Johnsgard
2002). However, state monitoring programs suggest that
populations of prairie-chickens in the region have been
declining for the last 30 years (Rodgers 2009). Little is
known about the vital population processes of prairie-chick-
ens in this region, or the demographic mechanisms linking
land use and land cover change to population declines. Vital
rates of prairie-chickens have been studied among popula-
tions in fragmented habitats at margins of the species range
(Svedarsky 1988, McKee et al. 1998, Ryan et al. 1998), but
few demographic data are available for core populations in
their extant range (Robel 1970, Horak 1985, Augustine and
Sandercock 2010).
Conservation efforts for prairie-chickens require baseline

data representing vital rates and their respective influence on
population dynamics in native and managed habitats.
Prairie-chickens occupy habitats ranging from contiguous
and intensively-grazed rangeland in the southern Flint Hills
to fragmented and lightly-grazed grasslands in the Smoky
Hills (McNew et al. 2011b). Nest survival and adult survival
appear to be reduced by increases in landscape fragmentation
and the frequency of prescribed burns (Robbins et al. 2002,
Patten et al. 2007, McNew et al. 2011a). Nest survival of
prairie-chickens in the Flint Hills has been higher in the past
(35%; Robel 1970) than the most recent estimates (8%;
Augustine and Sandercock 2010). Tradeoffs among life-
history traits and density-dependence can buffer populations
against perturbations, but we do not know how anthropo-
genic change has affected population growth rates or viability
of prairie-chickens at the core of their extant distribution, or
which vital rates are driving regional population dynamics.
Wisdom and Mills (1997) introduced life-stage simulation
analyses (LSA) as a demographic technique for exploring the
influence of simulated variation in vital rates on the variance
of population change (l) with input variables taken from a
suite of population studies of prairie-chickens. In a retro-
spective analysis, the authors concluded that a composite
measure of fecundity (nest survival and brood survival)
explained the greatest amount of variation in the simulated
rate of population change. On the other hand, prospective
population models for other species of upland gamebirds

have sometimes identified juvenile or adult survival as vital
rates with the greatest potential impact on l (Sandercock
et al. 2005, Hagen et al. 2009). Given regional differences in
life-history traits and environmental conditions within the
range of prairie-chickens, a single set of management
recommendations may not be adequate for stabilizing or
increasing population numbers.
In this study, we estimated demographic rates for 3 pop-

ulations of prairie-chickens, synthesized rates in a stage-
based matrix model to estimate regional rates of population
change, and used the tools of matrix models to evaluate the
influence of vital rates on finite rates of population change.
First, we estimated the components of fecundity and survival
based on monitoring of radio-marked females. Second, we
determined the population status of prairie-chickens by
estimating the finite rate of population change to assess
whether populations were viable (l � 1.0) or projected to
decline (l < 1.0). Third, we conducted prospective elasticity
and variance-scaled sensitivity (VSS) analyses to identify the
vital rates predicted to have the greatest influence on l for 3
populations under different ecological conditions. Last, we
conducted a retrospective analysis based on the methods of a
random effects life-table response experiment (LTRE) to
examine the relative contribution of vital rates to the ob-
served variation in population growth rates among the 3
populations in different landscapes. We hypothesized that
land use and land cover change may affect the population
viability of prairie-chickens. Specifically, we predicted that
reproductive output, survivorship, and the finite rate of
population change would be negatively affected by fragmen-
tation of grasslands and management practices based on
annual burning and intensive grazing regimes. Our goal
was to develop management recommendations that would
improve demographic performance of prairie-chickens as a
key component of conservation efforts for prairie grouse.

STUDY AREAS

Our field study was conducted at 3 sites in 2 ecoregions: 2
sites located in the southern and northern Flint Hills of
eastern Kansas (South and North, respectively) and 1 site
in the Smoky Hills of northcentral Kansas (Smoky; Fig. 1).
The 3 study areas were >100 km apart and differed in
patterns of grassland fragmentation, as well as rangeland
management practices (McNew et al. 2011a, b). The
South site (635 km2) was the most intact grassland landscape
with a landcover of 90% grassland and 3% cropland, a mean
grassland patch size of 185 ha, and a road density of 0.32 km
of roads per km2. The majority of the site was managed with
range management practices of annual spring burning and
intensive early stocking with cattle (1 head per 0.8 ha for 90
days) with pastures stocked in late March–early April (Smith
and Owensby 1978, Hagen et al. 2009). The North site
(533 km2) had an intermediate landcover of 81% grassland
and 10% cropland, a mean grassland patch size of 51 ha, and
a road density of 0.57 km/km2. Annual spring burning was
common and lands were managed with a mixture of intensive
early stocking with cattle and season-long stock grazing
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(1 head per 1.6 ha for 180 days). The Smoky site
(1,295 km2) was a more fragmented landscape with land-
cover of 53% grassland and 38% cropland, a mean grassland
patch size of 15 ha, and a greater road density of 1.4 km/
km2. Native grass pastures at the Smoky site were burned
infrequently at fire return intervals�2 years, grazed at low to
moderate intensity (1 head per >2 ha for 180 days), and
stocked with cattle 1 month later in the season (ca. 1 May)
than the other 2 study sites. Cultivated crops at all 3 sites
included wheat, sorghum, soybeans, and corn.

METHODS

Capture and Monitoring of Prairie-Chickens
We used standardized field methods at all 3 study sites in our
4-year study. We captured prairie-chickens with walk-in
traps and drop-nets at lek sites during March–April of
2006–2009 (Silvy et al. 1990, Schroeder and Braun 1991).
We sexed captured birds reliably by pinnae length, colora-
tion, and other plumage characteristics (Henderson et al.
1967). We determined age-class as yearling or adult
from the shape, coloration, and wear of the outermost 2
primaries (numbers 9 and 10; Schroeder and Robb 1993).

We individually marked all captured prairie-chickens with a
numbered metal leg band and 3 colored leg bands. We fitted
females with 11-g necklace-style very high frequency (VHF)
radio transmitters equipped with mortality switches and an
expected battery life of 12 months (Model RI-2B, Holohil
Systems Ltd., Ontario, Canada). We monitored radio-
marked females �3 times per week during the breeding,
nesting, and brood-rearing seasons (Mar–Aug) and weekly
during the post-breeding and winter periods (Sep–Feb).
Once a female localized in an area for 3 successive days,
we located the nest by tracking the female with portable radio
receivers and handheld antennas (Model R2000, Advanced
Telemetry Systems, Isanti, MN). We flushed the female
once in early incubation to count eggs, determine stage of
incubation, and record nest location with a handheld Global
Positioning System (GPS) in Universal Transverse Mercator
(UTM) coordinates. To minimize disturbance, we moni-
tored females with nests daily at distances �100 m by tri-
angulation of the radio signal until we determined that the
female was no longer attending the nest. We revisited nests
and classified nest fate as successful by presence of pipped
eggshells (�1 chick produced), or as failed if nest contents
were destroyed by predators or other causes.

Figure 1. Locations and landscape composition of the Southern Flint Hills (South), Northern Flint Hills (North), and Smoky Hills (Smoky) greater prairie-
chicken demography sites in east-central Kansas, USA, 2006–2009.
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For broods that successfully hatched, we conducted sys-
tematic brood flushes within 1 hour of sunrise at 14, 24, 34,
and 60 days post-hatch by radio-tracking the brood female
(Fields et al. 2006, Pitman et al. 2006a). If the female was
flushed with a brood, we carefully searched the area to be sure
we detected all fledglings and recorded the maximum num-
ber of young. If we did not observe young, we conducted a
second flush count 2 days later to confirm presence or absence
of a brood.
We used dipnets and spotlights to capture �25-day-old

juveniles by locating radio-marked females at night. We
collected 20 mL of blood, recorded morphometrics, and
attached radio-transmitters to their backs with surgical
sutures (Burkepile et al. 2002). The 3-g transmitters (modi-
fied model A4300, Advanced Telemetry Systems, Isanti,
MN) were<5% of juvenile mass and had an expected battery
life of 400 days. We used field evidence at locations where we
recovered transmitters to determine whether adults and
juveniles died or if the transmitter was dropped (Hagen
et al. 2007). Field methods were approved by Kansas
State University’s Institutional Animal Care and Use
Committee (Protocol numbers 2474 and 2781).

Estimation of Demographic Parameters

We estimated 10 demographic parameters for prairie-
chickens in Kansas.
Nesting propensity.—We calculated the probability of nest-

ing (NEST) as the proportion of radio-marked females that
attempted at least 1 nest. We calculated renesting rates
(RENEST) as the percentage of radio-marked females
that initiated a second nest conditional upon loss of the first
nest. We considered a female unavailable for renesting if she
was killed while incubating a first nest or if we were unable to
relocate her during the renesting period. Estimates of NEST
and RENEST calculated as the number of nests found
divided by the number of females available for nesting are
likely biased low because nests may fail before discovery.
Therefore, we estimated the number of nests and renests
using estimates of daily survival rates for each study site and
nesting attempt (see below) using a Horvitz–Thomson esti-
mator (Dinsmore et al. 2002, Fondell et al. 2006). The
number of expected nests always exceeded the number of
available radio-marked females for all sites and all years
(results not shown). Thus, we set NEST and RENEST
equal to 1.0; indicating that all females initiated first nesting
attempts and if the first attempt failed, all females laid a
replacement clutch.
Nest and brood survival.—Nest survival (NSURV) was the

proportion of nests that produced�1 hatched chick, whereas
brood survival (BSURV) was the proportion of hatched
clutches that produced �1 24-day-old chick. We used the
nest survival model in Program MARK (ver. 6.0, White and
Burnham 1999) to generate maximum likelihood estimates
of daily nest survival corrected for exposure before discovery,
as well as daily brood survival from hatch to 24 days of age.
We used multiple model selection and inference based on
minimization of Akaike’s Information Criterion adjusted for
small sample size (AICc) to evaluate the influence of 4 factors

on daily nest survival: nesting attempt (first or renest), female
age, year, and study site (Burnham and Anderson 2002).
Successful nests were uncommon and we combined nesting
attempts to explore the effects of 3 factors on daily brood
survival: female age-class (yearling, adult), year, and study
site. We used the most parsimonious model to estimate daily
survival probabilities, and then extrapolated the overall nest
survival probability as the product of daily survival probabil-
ities (e.g., 37-day exposure period). We calculated brood
survival as the estimate of daily brood survival raised to
the 24th power. Corrections for overdispersion are not pos-
sible with the nest survival model because the global models
are saturated and ĉ is not identifiable (Dinsmore et al. 2002).
We calculated variances of extrapolated nest survival using
the delta method (Powell 2007).
Clutch size, egg and chick success.—Total clutch laid (TCL)

was determined for each nest by counting the number of eggs
after the onset of incubation. Egg success, or chicks produced
per egg laid (C/E), was conditional upon nest survival and
calculated by dividing the total number of eggs laid in
successful clutches by the total number that hatched. We
calculated chick success, or fledglings produced per chick
hatched (F/C), for successful broods as the proportion of
hatched chicks that survived until 24 days of age. We pooled
data across study sites when estimating chick success because
sample sizes of successful broods were small. We calculated
sampling and process variances of egg success and chick
success using procedures described by White (2000).
We derived fecundity (Fj), or the number of female chicks

produced per female, from 7 reproductive parameters as
follows assuming a 1:1 sex ratio of chicks at hatch:

Fj ¼ ½ðNEST� TCL1 �NSURV1Þ þ ð1�NSURV1Þ
� RENEST1 � TCL2 �NSURV2�
� C=E� BSURV � F=C� 0:5

where subscripts 1 and 2 denote parameter estimates for first
nests and renests, respectively, and subscript j denotes age-
class (yearling, adult).
Juvenile and female survival.—Wemonitored radio-marked

prairie-chickens weekly during a 4-year period between
March 2006 and February 2010 until death, transmitter
failure, or until birds left the study area and could not be
located for 1 month. We estimated monthly survival of
juveniles and females at each study site with the nest survival
procedure, a general model for known-fate data in Program
MARK 6.0 (Hartke et al. 2006, Mong and Sandercock
2007). We evaluated survival of juveniles (SJ) for an 8-month
period from 24 days of age until recruitment into the breed-
ing population the following spring (Aug to Feb) but evalu-
ated female survival (SY ¼ survival of yearling females,
SA ¼ survival of adult females) for a 12-month period
(Mar to Feb). We based multiple model selection and infer-
ence on minimization of AICc, and evaluated the influence of
study site and female age-class (female survival only) on
monthly survival (Burnham and Anderson 2002).We pooled
years of study for independent analyses of juvenile and female
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survival. In both cases, we used the most parsimonious model
to derive monthly survival probabilities, and then estimated
the 8-month survival rate of juveniles and the annual survival
rates of females as the product of consecutive monthly sur-
vival rates at each study site.

Prospective Analysis
Populationmodel.—To describe the population dynamics of

prairie-chicken populations, we developed a deterministic
matrix model for each of the 3 study areas using demographic
data collected during the study. For each population, we
synthesized vital rates for 3 age-classes of female prairie-
chickens: juveniles (J; <10 months old), yearlings (Y; �11
and <22 months old), and adults (A; �22 months old). We
captured females during the spring lekking season before
nesting and we used a pre-breeding birth-pulse model.
Fecundity and annual survival generally differ between
age-classes in prairie grouse (Robel 1970, Hartke et al.
2006, Hagen et al. 2007) and our pre-breeding 2-age-class
matrix model took the form:

A ¼ FYSJ FASJ
SY SA

� �
;

where Fi is the age-specific fecundity and Si is the age-
specific probability of survival.
Analytical procedures.—We used the functions of package

POPBIO in program R (ver. 2.13, Stubben and Milligan
2007) to estimate the finite rate of population change (l), the
stable age distribution (w), and the reproductive value (v) for
our 3 populations of prairie-chickens (Caswell 2001). We
used bootstrapping procedures to calculate 95% confidence
intervals for fecundity estimates and matrix properties by
taking random draws from a normal distribution for clutch
size and beta distributions for probabilities.We drew random
samples of vital rates for each model run from distributions
based upon the total variance observed for each parameter
rather than process variance only because 3 yearly estimates
prevented us from decomposing total variance into estimates
of process and sampling variances (White 2000). Our boot-
strap distributions of population metrics based on total vari-
ance were broader than estimates based on process variance
alone, and our inferences for site differences were conserva-
tive. Bootstrapped means were similar to observed means
(<0.01), and confidence intervals derived from bootstrap-
ping were unbiased and did not require adjustment (Caswell
2001). If the 95% confidence interval of a bootstrap distri-
bution for l included 1, we did not consider the rate of
change significantly different than a stationary population.
Likewise, we did not consider l to differ among study
populations if a mean was within the 95% confidence interval
of the bootstrap distribution for another population, and vice
versa.
Sensitivity analysis.—The sensitivities of l with respect to

changes in matrix elements (aij) can be assessed for absolute
(sensitivity ¼ @l=@aij ) or proportional changes (elasticity ¼
ln @l=ln @aij ). We calculated elasticities for the lower-level
vital rates (xij) that comprise yearling (FY) and adult (FA)
fecundity by taking the product of the sensitivity matrix and

the partial derivatives of the matrix elements with respect to
each lower level parameter (@aij =@x; Caswell 2001)

ex ¼ x

l

@l

@x
¼ x

l

X
i;j

@l

@aij

@aij

@x
;

Elasticities of lower-level vital rates do not sum to 1 like
elasticities of matrix elements, but may be combined to
determine the relative net effect of management actions
on l (Mills et al. 1999, Caswell 2000). Thus, we summed
lower-level elasticities across age-classes and nesting
attempts to evaluate the relative effectiveness of integrated
management actions for improving l. Elasticity values may
covary with the variance of a vital rate (Pfister 1998), and we
used VSSs to assess vital rate sensitivities (Link and Doherty
2002). We calculated the VSS for demographic parameters
that were probabilities (x) as:

VSSx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xð1� xÞp
l

 !
@l

@x
:

Clutch size of prairie chickens was not a probability, and the
appropriate variance-stabilizing transformation for a normal
distribution is 3ln(x). We used the transformation 3ln(TCL)
to facilitate comparison of VSS values for parameters on
different scales, the normal distribution for clutch size, and
binomial distribution for probabilities (W. A. Link, USGS
Patuxent Wildlife Research Center, personal communica-
tion). We report both standard elasticities and VSSs for
comparison.

Retrospective Analysis
We used a random effects LTRE to evaluate how the vari-
ance in each vital rate and the covariance among vital rates
contribute to the variance in l among study sites (Brault and
Caswell 1993, Caswell 2001). Differences in landscape or
habitat conditions may be complex, affecting many demo-
graphic parameters simultaneously. Our LTRE decomposed
treatment effects into contributions (c) from each of the vital
rates in the model by comparing each population’s matrix to a
reference population, in which vital rates were averaged over
all 3 study sites. The effects of each study site on the variance
of the finite rate of population change Var(l) were decom-
posed for each demographic rate by the approximation:

VarðlÞ �
X
i;j

X
k;l

Covðxij ; xkl Þsij skl ;

where Covðxij ; xkl Þ is the variance–covariance matrix for
pairs of vital rates xij and xkl, and sij and skl are the lower-
level sensitivities for a mean population matrix recast as
column and row vectors, respectively (Brault and Caswell
1993, Caswell 1996). We calculated the mean matrix for the
3 study populations ðAÞ as:

A ¼ ðASouth þ ANorth þ ASmokyÞ=3
We conducted LTRE analyses using functions of the
POPBIO package of program R.
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RESULTS

Demographic Rates
We captured 142 yearling and 145 adult female prairie-
chickens at the 3 study sites during our 4-year study
(2006–2009). We released 8 females without radio-marking.
We monitored 279 female prairie-chickens (n ¼ 56, 107,
and 116 at South, North, and Smoky sites, respectively) for
reproduction and survival from time of capture until death
or until transmitters were lost or failed. We located and
monitored 283 nests for 189 radio-marked female prairie-
chickens. We also found 3 nests of unmarked females for a
total of 286 nests; of which 66 were successful and produced
viable young.
Fecundity.—Average clutch size (�SD) of first nests was

12.4 � 2.3 eggs, which was approximately 2 eggs larger than
renests (10.5 � 2.5; F1,168 ¼ 47.1, P < 0.001). Average
clutch size of first nests and renests did not differ among
study sites (F2,168 ¼ 1.13, P ¼ 0.33). The proportion of
eggs (�SE) laid in successful nests that survived incubation
was high with hatching rates exceeding 0.83 (0.05) chicks per
egg at all sites (Table 1).
Nest survival was modeled for a 103-day nesting period (23

Apr–19 Jul). The most parsimonious model (DAICc ¼ 0)
included the effects of study site and nesting attempt.
However, there was model uncertainty and a model contain-
ing female age was also competing. Models in which nest
survival varied among study sites had 70 times greater sup-
port than models where nest survival was constant among
sites (

P
wi/wj ¼ 0.981/0.014; Table 2). Models in which

nest survival differed between first and renesting attempts
were parsimonious (DAICc < 2) and received 60% of the
relative support of the data. Extrapolated survival (�SE)
of first nesting attempts was low at the South site
(0.05 � 0.03), intermediate at the North site (0.09 �
0.03), and highest at the Smoky site (0.17 � 0.05).
Survival of renests was higher than first attempts but showed
a similar pattern among the 3 study sites: South (0.11 �
0.05), North (0.17 � 0.05), and Smoky (0.29 � 0.08;
Table 2). Adults tended to have higher nest survival than
yearlings (wfemale age ¼ 0.26/0.74; Tables 2 and 3).
We monitored 66 broods from hatch until 24 days of age or

failure. Brood survival to 24 days of age was modeled during
an 80-day brood-rearing season (17 May–4 Aug). The top
model indicated that brood survival was constant and had
42% of the relative support (Table 3). However, a model
that contained a study site effect was parsimonious
(DAICc ¼ 1.72), and models where brood survival varied
among sites had 35% of the relative support. Models
where brood survival differed between female age-classes
and among years were not competitive (DAICc > 2,
wi < 0.17; Table 3). Model-averaged estimates of brood
survival from hatch to 24 days were 0.29 � 0.08 SE,
0.27 � 0.08, and 0.34 � 0.07 at the South, North, and
Smoky study sites, respectively (Table 1).
Fecundity, or the number of 24-day-old female chicks

produced per breeding female, was low across all sites
(0.14 � 0.06 chicks per female). However, fecundity was T
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more than twice as high at the Smoky site (yearling:
F ¼ 0.21 � 0.05, adult: F ¼ 0.23 � 0.05) than either site
in the Flint Hills, including the South (yearling and
adults: F ¼ 0.06 � 0.04) and North sites (yearling:
F ¼ 0.09 � 0.04, adult: 0.10 � 0.04). Differences were
not significant because 95% confidence intervals were over-
lapping in all cases (Table 1).
Juvenile survival.—During 2007–2009, we radio-marked

23 juveniles from 11 broods (n ¼ 5 at North, n ¼ 18 at
Smoky) and monitored the birds until death or until trans-
mitters were shed. Because of low rates of nest and brood
survival, we were unable to monitor any juveniles at the
South site. The top model (DAICc ¼ 0) indicated that
monthly survival probabilities were similar between the
2 study sites. A model in which monthly survival rates
varied between study sites was considered parsimonious
(DAICc ¼ 1.9; Table 4). However, the beta estimate
for the effect of site did not differ significantly from 0
(b ¼ 0.06, 95% CI: �0.02–0.14). Monthly juvenile survival
estimated from the constant model was 0.895 � 0.033, and
extrapolated juvenile survival from 24 days of age to first
breeding as yearlings across all sites was 0.41 � 0.001.
Yearling and adult survival.—We monitored 279 radio-

marked yearling and adult female prairie-chickens during
the 3.8-year period from March 2006 to January 2010.
Differences in female survival among study sites were strong-

ly supported by the data, and models with a site effect
accounted for more than 90% of the relative support
(Table 5). A model that included both study site and female
age was parsimonious (DAICc ¼ 0.65) and suggested higher
survival among adults than yearlings (Table 1). Model-
averaged estimates of annual survival were ranked opposite
to the observed patterns for seasonal productivity. Female
survival was lowest at the Smoky site (yearlings ¼ 0.34 �
0.001, adults ¼ 0.42 � 0.002), intermediate at the North
site (yearlings ¼ 0.42 � 0.001, adults ¼ 0.50 � 0.003),
and highest at the South site (yearlings ¼ 0.64 � 0.01,
adults ¼ 0.71 � 0.01; Table 1).

Prospective Analyses

Finite rates of population change for the 3 populations were:
lSouth ¼ 0.76 (95% CI ¼ 0.72–0.81), lNorth ¼ 0.57 (95%
CI ¼ 0.53–0.63), and lSmoky ¼ 0.53 (95% CI ¼ 0.48–
0.59). Thus, all populations were projected to decline but
at different rates. Net reproductive rates (R0) were consis-
tently <1, and productivity was not adequate for female
replacement. Stable-age distributions were skewed toward
adults at all sites (wY ¼ 0.04–0.17, wA ¼ 0.83–0.96), and
reproductive values were greater for adults than yearlings for
all populations (vY ¼ 1, vA ¼ 1.11–1.22). Damping ratios
were high (r > 147) and all populations would be expected
to converge rapidly to a stable age distribution (t20 < 0.6 yr).

Table 2. Candidate models and model statistics for daily nest survival
(n ¼ 286 nests) of greater prairie-chickens at 3 sites in Kansas, USA,
2006–2009.

Model structure

Model statisticsa

K �2 log L AICc DAICc wi

Site þ attempt 4 1,265.7 1,273.7 0.0 0.423
Site 3 1,269.2 1,275.2 1.5 0.206
Site þ attempt þ
female age

5 1,265.4 1,275.5 1.8 0.179

Site þ female age 4 1,268.9 1,277.0 3.3 0.085
Site þ year 4 1,269.1 1,277.1 3.4 0.078
Constant 1 1,278.6 1,280.6 6.9 0.014
Year 2 1,277.3 1,281.3 7.6 0.010

a Model fit is described by the number of parameters (K), �2 log likeli-
hood (�2 log L), Akaike’s Information Criterion corrected for small
sample size (AICc), and AIC weights (wi).

Table 3. Candidate models and model statistics for daily brood survival to
24 days post-hatch of greater prairie-chickens (n ¼ 66 broods) at 3 sites in
Kansas, USA, 2006–2009.

Model structure

Model statisticsa

K �2 log L AICc DAICc wi

Constant 1 86.5 88.5 0.0 0.416
Site 3 84.2 90.3 1.7 0.176
Year 2 86.4 90.4 1.9 0.162
Site þ female age 4 83.9 91.9 3.4 0.076
Year þ female age 3 86.0 92.1 3.5 0.071
Site þ year 4 84.0 92.1 3.6 0.069
Site þ female age þ year 5 83.8 93.9 5.4 0.029

a Model fit is described by the number of parameters (K), �2 log likeli-
hood (�2 log L), Akaike’s Information Criterion corrected for small
sample size (AICc), and AIC weights (wi).

Table 4. Candidate models and model statistics for monthly (Sep–Mar)
survival of juvenile greater prairie-chickens (n ¼ 23) from 24 days of age
to first breeding at the North and Smoky study sites in Kansas, USA, 2007–
2009.

Model structure

Model statisticsa

K �2 log L AICc DAICc wi

Constant 1 57.7 59.7 0.0 0.421
Year 2 56.5 60.6 1.0 0.262
Site 2 57.5 61.6 1.9 0.160
Site þ year 3 55.8 62.1 2.4 0.129
Month 7 49.7 65.2 5.5 0.027
Month � site 14 40.4 74.3 14.6 0.000

a Model fit is described by the number of parameters (K), �2 log likeli-
hood (�2 log L), Akaike’s Information Criterion corrected for small
sample size (AICc), and AIC weights (wi).

Table 5. Candidate models and model statistics for monthly (Mar–Feb)
survival of yearling and adult greater prairie-chickens (n ¼ 279) at 3 study
sites in Kansas, USA, 2006–2009.

Model structure

Model statisticsa

K �2 log L AICc DAICc wi

Site 3 793.5 799.5 0.0 0.535
Site þ female age 4 792.2 800.2 0.7 0.386
Time 46 209.4 803.9 4.8 0.060
Constant 1 805.5 807.5 8.0 0.010
Female age 2 803.7 807.7 8.2 0.009
Time � site 101 656.7 871.0 71.4 0.000

a Model fit is described by the number of parameters (K), �2 log likeli-
hood (�2 log L), Akaike’s Information Criterion corrected for small
sample size (AICc), and AIC weights (wi).
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Generation times ranged from 4 years to 8 years and were
ranked Smoky < North < South (Table 6).
Elasticity values and VSSs for lower-level parameters in-

dicated that l would be most sensitive to future changes
in adult survival (SA) in declining populations of prairie-
chickens. Elasticities and VSSs were also congruent in rank-
ing second the effect of nest survival (NSURV) of both stage-
classes and all nesting attempts, especially at the Smoky site
(Fig. 2). Other components of fecundity, such as nest initia-
tion rates (NEST, RENEST) and clutch size (TCL) had
lower elasticities and VSSs at all sites.

Retrospective Analysis
Using a mean matrix of all 3 populations as a reference
population, the effect of study site on l was calculated
as the difference from the mean matrix: lSouth ¼ 0.15,
lNorth ¼ �0.05, and lSmoky ¼ �0.10. The sum of the dif-
ferences in lambda among the 3 populations, Var(l) ¼
0.017, was a good approximation to the summed contribu-
tions of vital rates calculated with the random effects LTRE
(
P

c ¼ 0.017). Variances and covariances were larger for
clutch sizes (TCL1,2) than any other vital rate. However,
contributions of adult survival accounted for most (�52%) of
variation in l among the 3 sites (Fig. 3). Higher rates of
fecundity at the Smoky site contributed little to the observed
variance of l. Thus, site differences in the annual survival of
adult females were primarily responsible for regional varia-
tion in rates of population change among our 3 study areas in
Kansas. Unexpectedly for an upland gamebird, site differ-
ences in components of fecundity had relatively little effect
on the variance of population change.

DISCUSSION

Our 4-year field study of 3 populations of prairie-chickens in
Kansas provides the first evidence for the demographic
mechanisms driving ongoing population declines in the
core of the extant range of a sensitive grassland bird.
Reproductive potential was consistently high in our 3 study
populations: all females initiated a first clutch and nearly all
birds renested if the first clutch was lost, clutch sizes were
large (>12 eggs in first nests), and hatchability of eggs was
good if a nest survived incubation (�0.80). However, esti-
mates of productivity were depressed by dismal rates of nest

Table 6. Asymptotic properties of projection matrices for 3 populations of greater prairie-chickens in Kansas, USA, 2006–2009.

Matrix
propertiesa

South North Smoky

Mean 95% CI Mean 95% CI Mean 95% CI

l 0.76 0.72–0.81 0.57 0.53–0.63 0.53 0.48–0.59
wY 0.07 0.02–0.13 0.15 0.07–0.24 0.23 0.14–0.33
wA 0.93 0.87–0.97 0.85 0.76–0.93 0.77 0.67–0.86
vY 1.00 1.00–1.00 1.00 1.00–1.00 1.00 1.00–1.00
vA 1.11 1.03–1.19 1.18 1.07–1.28 1.2 1.07–1.32
r 299 15–1,552 190 11–981 147 9–756
t20 0.53 0.42–1.11 0.57 0.43–1.25 0.60 0.45–1.36
R0 0.12 0.04–0.25 0.08 0.03–0.16 0.09 0.04–0.15
T 7.92 6.21–10.2 4.64 4.08–5.46 3.88 3.61–4.27

a l ¼ finite rate of population change,w ¼ stable age distribution for yearlings (Y) and adults (A), v ¼ reproductive value, r ¼ damping ratio, t20 ¼ time to
model convergence, R0 ¼ net reproductive rate, T ¼ generation time (years).

Figure 2. Elasticities (above) and variance-scaled sensitivities (VSS; below)
of demographic rates of 3 populations of greater prairie-chickens in Kansas,
USA, 2006–2009. Management actions are expected to have similar effects
on the stage-specific reproductive parameters, and elasticities and VSSs
have been summed across female age classes and nesting attempts. NEST
and RENEST ¼ initiation rates of first and renests, TCL ¼ clutch sizes,
NSURV ¼ nest survival probabilities, C/E ¼ chicks hatched per eggs
laid for successful nests, BSURV ¼ brood survival probabilities, F/C ¼
fledglings produced per chick hatched, SJ ¼ 8-month survival of juveniles
to recruitment, SY and SA ¼ annual survival probabilities for yearling and
adult females, respectively.
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(<0.30) and brood survival (<0.35), which included some of
the lowest estimates ever reported for prairie-chicken pop-
ulations. Females were vulnerable to predators while attend-
ing eggs and young, and survival rates of yearlings and adults
were highly variable among study sites.
All populations were projected to decline but rates of

decline differed among sites. Population change was most
sensitive to changes in adult survival at all 3 sites, which
confirms the strong influence of survival on population
declines of upland game birds (Sandercock et al. 2008,
Hagen et al. 2009). The relative influence of fecundity
parameters differed among the study populations but our
results were consistent among different analytical approaches
for sensitivity analyses. Last, our data indicate that differ-
ences in the rates of population decline among study sites
were largely due to variation in adult survival; which
appeared to be mediated by anthropogenic alteration of
prairie landscapes. Our results suggest that conservation
actions aimed at recovering declining populations of prai-
rie-chickens must consider local conditions rather than gen-
eral management prescriptions applied across the entire
range of the species.

Demography

Despite high reproductive potential, low nest and brood
survival resulted in depressed productivity, especially at
the South and North sites in the intensively-managed
Flint Hills ecoregion. Indeed, our estimates of nest survival
(0.04–0.28) are among the lowest values ever reported for
prairie-chickens, including an estimate of 0.32 for the en-
dangered Attwater’s prairie-chicken in Texas (Peterson and
Silvy 1996), and were well below the threshold of 0.50
recommended for maintaining stable population numbers

(Westemeier 1979). Estimates of nest survival for 22 studies
of prairie-chickens averaged 0.49 (Bergerud and Gratson
1988), and indicated that nest survival should be higher
among core populations than isolated populations at the
peripheral margins of the species’ range. For example,
reported nest survival ranged from 0.31 to 0.39 in the frag-
mented prairie of southwesternMissouri (McKee et al. 1998,
Ryan et al. 1998) to a high of 0.80 in relatively contiguous
grasslands of North and South Dakota (Svedarsky 1988,
Norton 2005).
Brood survival to 24 days post-hatch ranged from 0.27 to

0.34 at our study sites and was lower than values reported for
prairie-chickens in privately managed grasslands of southeast
Nebraska (0.59; Matthews et al. 2011) or Ft. Pierre National
Grasslands of South Dakota (0.83; Norton 2005). Our esti-
mates of 24-day brood survival rate (0.06–0.23) were also
about 50% lower than values reported for 60-day survival of
lesser prairie-chicken broods in the sand sagebrush prairie
(0.50; Pitman et al. 2006a) and short-grass prairie (0.53;
Fields et al. 2006) of western Kansas. Survival of lesser
prairie-chicken broods is influenced by habitat conditions,
especially overhead cover, and differences in rangeland man-
agement of grasslands are likely responsible for regional
differences in nest and brood survival (Fields et al. 2006,
Pitman et al. 2006a).
Our 3 study populations of prairie-chickens had markedly

different demographic rates that covaried across an ecological
gradient of grassland fragmentation and prescribed burning
and grazing intensity. Rangeland management appears to be
influencing reproductive success, whereas landscape compo-
sition and pattern accounts for variation in regional survival
rates of prairie-chickens in Kansas. Nest and brood survival
were depressed across Kansas, but were higher in the less

Figure 3. Left: Variance–covariance matrix for lower-level demographic rates from 3 populations of greater prairie-chickens in Kansas, USA, 2006–2009.
Diagonal and off-diagonal entries are variances and covariances, respectively. Right: Contributions of the lower-level parameters to the variance in the finite rate
of population change (l) among the 3 populations, estimated from a random effects life-table response experiment (LTRE). Important peaks are indicated by
letter. A ¼ variance in TCL1 (clutch size of first nests); B ¼ negative covariance between TCL1 and TCL2 (clutch size of first nests and renests);
C ¼ contribution of variation in adult survival (Sa) on the variation in l.
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intensively grazed and more fragmented prairie of the
Smoky Hills site than in the more contiguous and intensive-
ly-grazed Flint Hills sites. Our results are counterintuitive
because nest survival is negatively affected by fragmentation
in both prairie chickens and grassland songbirds (Ryan
et al. 1998, Winter et al. 2000, Herkert et al. 2003).
Nevertheless, low estimates of nest and brood survival in
large unfragmented Kansas prairie are consistent with recent
work by Augustine and Sandercock (2010) in the northern
Flint Hills. Despite large tracts of contiguous tallgrass prairie
in the Flint Hills, patterns of land ownership may be detri-
mental for conservation if landowners apply annual burning
and intensive early stocking of cattle over large contiguous
rangelands. The amount and quality of residual cover limits
nest and brood survival for prairie-chickens (McKee et al.
1998, Pitman et al. 2005, Fields et al. 2006), and annual
burning and intensive early cattle grazing both remove re-
sidual vegetation (Fuhlendorf and Engle 2001, With et al.
2008). Our data suggest that large-scale patterns of range-
land management are more limiting to nest and brood
survival than the moderate levels of fragmentation caused
by agriculture and roads.
In contrast to regional patterns of nest and brood survival,

survival probabilities of juveniles, yearlings, and adults were
lowest in the most fragmented and least intensively-grazed
Smoky site and highest in the least fragmented and most
intensively-grazed South site (Table 1). Our estimates of
annual survival for females at the Smoky site were low
(SY ¼ 0.34, SA ¼ 0.42), but our estimates for the South
site (SY ¼ 0.64, SA ¼ 0.71) were among the highest values
reported from field studies of prairie-chickens (41–56%,
Hamerstrom and Hamerstrom 1973, Wisdom and Mills
1997, Augustine and Sandercock 2010). The North site
had intermediate amounts of habitat fragmentation and
grazing intensity, and the survival rates of prairie-chickens
were intermediate as well. Higher rates of mortality at the
Smoky site could be the result of higher predator densities
in fragmented grasslands (A. J. Gregory, Kansas State
University, unpublished data), a tradeoff between female
survival and nest survival, or a combination of these factors.
More than 90% of mortality events were due to predators,
and higher predation rates at the Smoky site could also be
due to the functional responses of predators to habitat frag-
mentation. Coyotes (Canis latrans) use edge habitats and
roads for travel and foraging (Kuehl and Clark 2002, Tigas
et al. 2002). Last, most losses occur during the summer while
females are attending young (L. B. McNew, Kansas State
University, unpublished data). High predation rates of
females in fragmented areas with greater residual vegetation
suggests that vertical structure may aid concealment of nests
and lead to higher nest survival, but mortality rates of female
grouse may be higher if they are unable to detect and elude
approaching predators (Wiebe 1998, Hagen et al. 2007). Our
results demonstrate that rangeland management and frag-
mentation drive variation in vital rates of prairie chickens, but
future work is needed to better understand the proximate
mechanisms and to devise management strategies that
improve habitat conditions at scales relevant to conservation.

Projected Population Declines
Finite rates of population change were consistently l < 1;
indicating that all 3 populations are projected to decline
without immigration. High damping ratios (r � 147) and
rapid convergence to a stable age distribution (t20 < 0.6 yr)
indicated that transient dynamics may not greatly influence
population change and asymptotic matrix properties should
describe current population demographics (Caswell 2001).
All 3 populations had low net reproductive rates (R0 � 0.12)
despite high reproductive effort. Higher adult survival and
lower reproductive success at the South site resulted in an
average generation time that was twice as high as the Smoky
site, and a stable age distributionmore heavily skewed toward
adult females. Intermediate vital rates resulted in an inter-
mediate demography of prairie-chickens at the North site.
Projected annual population declines without immigration
were 24%, 43%, and 47% at the South, North, and Smoky
sites, respectively. Variation in local and large-scale habitat
conditions and predation risk due to human land use may
account for differences in rates of population decline.
Our deterministic matrix models treated our study popu-

lations as closed (Caswell 2001). In fact, our models were
asymmetric because they did not include gains from immi-
gration, but could have included losses to permanent emi-
gration, which cannot be separated from mortality. Thus,
projected rates of population change will not match observed
population trends for a site if immigration rates are >0. Our
results generally agree with an independent data set of annual
lek surveys collected during our spring trapping efforts, as
well as annual lek counts conducted for the entire region by
the Kansas Department of Wildlife and Parks, which indi-
cate 30–50% declines in lek attendance at our Flint Hill sites
during the study period (Rodgers 2009, L. B. McNew,
unpublished data). However, annual male lek attendance
did not decline significantly over the study period at the
Smoky site, which had the greatest projected population
declines and the discrepancy requires explanation.
One possibility is that our estimates of demographic rates

could have been biased low. Transmitters could be a handi-
cap but females were captured at lek sites in advance of the
nesting season, and previous work has also shown that
estimates of survival from radio-marked juvenile and female
prairie-chickens are not lower than birds that are banded only
(Hagen et al. 2006, Pitman et al. 2006a). Disturbance was
unlikely to negatively bias our estimates of nest survival
because we only flushed females once in early incubation
to determine clutch size and stage of incubation, and all
monitoring was conducted at a distance by telemetry. All nest
visits (�2 per nest) occurred under dry conditions with
researchers wearing rubber boots and latex gloves to mini-
mize scent. Females never abandoned clutches because of
nest visits, and only 4 of 286 nests were abandoned during
the entire study. Last, we conducted brood flushes soon after
sunrise when chicks are brooded by females; resulting in high
detection probabilities of broods and accurate estimates of
brood survival. Estimates of nest initiation and renesting
rates are typically biased low if complete detection of nests
before failure is assumed (McPherson et al. 2003). However,
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we estimated nest and renesting rates using the Horvitz–
Thomson estimator that accounted for potential bias associ-
ated with failure before discovery (Dinsmore et al. 2002,
Fondell et al. 2006).
An alternative explanation for discrepancies between lek

counts and our model projections is that the Smoky site is a
sink population maintained by immigration. The grassland-
dominated landscapes on which prairie-chickens occur are
highly fragmented in the Smoky Hills, which may lead to
greater movements during natal or breeding dispersal.
Preliminary genetic data suggest that prairie-chickens cap-
tured at the Smoky site and an adjacent Smoky Hill sub-
population are functionally linked by a high number of
migrants per generation (A. J. Gregory, unpublished
data). Because of the size and configuration of suitable
grassland habitat in a matrix of cultivated farmland, the
population dynamics of prairie-chickens in the Smoky
Hills may be best explained by a metapopulation dynamic
structure. Our 4 years of demographic data demonstrate that
local fecundity is not adequate to maintain population num-
bers but movements and connectivity could be critical for
maintaining population viability.

Vital Rate Sensitivities

High elasticities and VSSs for adult survival differed from
conclusions of previous work on prairie-chickens where the
finite rate of change (l) was more sensitive to changes in nest
and chick survival (Wisdom and Mills 1997, Fefferman and
Reed 2006, Hagen et al. 2009). Female prairie-chickens
reach sexual maturity as yearlings, lay large clutches, and
have a high propensity for nesting and renesting (McNew
et al. 2011b). High reproductive potential and relatively short
life expectancies (�3 yr; Robel and Ballard 1974, Schroeder
and Robb 1993) suggest that fecundity should have the
greatest influence on prairie-chicken population dynamics
(Bergerud and Gratson 1988, Morrow et al. 1996, Sæther
and Bakke 2000). However, changes in nest and chick
survival had relatively little influence on changes in asymp-
totic l for populations suffering high rates of reproductive
failure, and suggest that management actions directed at
improving adult survival would be more effective at mitigat-
ing population declines for all populations. Nevertheless, l
appeared to be less sensitive to adult survival and more
sensitive to fecundity parameters at the Smoky site than
the 2 Flint Hill sites (Fig. 2); suggesting that human land
use patterns may affect not only vital rates themselves but the
relative influences of vital rates on population dynamics.
Elasticity values are a useful tool in conservation biology

but have several caveats (de Kroon et al. 2000, Hagen et al.
2009). First, elasticity values assess proportional changes for
a population at the asymptotic stable age distribution (de
Kroon et al. 2000) and should not be used to make manage-
ment prescriptions during transient dynamics if a population
takes a long time to converge (Caswell 2001, Fefferman and
Reed 2006). Our populations were predicted to converge to
stable age distributions rapidly (t20 < 0.7 yr); suggesting that
elasticities should predict the impacts of management pre-

scriptions for short-term perturbations (Fefferman and Reed
2006). Second, elasticities covary with projected population
growth rates (de Kroon et al. 2000); and the relative influence
of vital rates depend on whether the population is increasing
or decreasing. High elasticity values for adult survival are
typical of gamebird populations with l < 1, and highlight
the influence of adult survival on declining populations
(Sandercock et al. 2008). Third, elasticities may be related
to the variances of their respective vital rates (Mills et al.
1999) and vital rates with high variances tend to have low
elasticities (Pfister 1998). We addressed the functional rela-
tionship between the mean and variance of vital rates by
calculating VSSs and comparing them to elasticities (Link
and Doherty 2002, Hagen et al. 2009), but we found that the
relative influence of vital rates on l were generally unaffected
by differences in observed variance among rates. Fourth,
elasticities are derivatives that measure small changes around
the mean values and may be less successful at predicting the
impacts of large perturbations (Drechsler 1998, de Kroon
et al. 2000). A combination of l < 1 and significantly de-
pressed fecundities at all sites may explain why our elasticities
suggest that management actions aimed at increasing adult
survival would be most effective at increasing l, whereas
previous studies of stable populations have prescribed actions
to increase reproductive success or juvenile survival param-
eters (Wisdom and Mills 1997, Fefferman and Reed 2006,
Hagen et al. 2009). Last, elasticities identify key vital rates
but field logistics and economics may constrain management
actions (Mills et al. 1999, Link and Doherty 2002). High
elasticity values for adult survival at the South site are less
useful for conservation, because survival is already higher
than most populations and improvements are unlikely to be
possible. Therefore, elasticity analyses should not be the only
tool used to evaluate potential management actions for de-
clining populations (de Kroon et al. 2000, Ehrlén et al. 2001,
Mills et al. 2001).

Life-Table Response Experiment

Retrospective analyses, such as LTREs, describe how ob-
served variation in the vital rates affects the observed varia-
tion in l among populations (Caswell 1996, 2001). Many of
the vital rates differed among our populations of prairie-
chickens because of large differences in habitat conditions
among study sites. By assessing the contributions of vital
rates to differences in l, we found that the effect of study site
on the rate of population decline was primarily caused by site
differences in adult survival. Indeed, differences in adult
survival accounted for 52–68% of the variation in l among
study sites, and contributions were positive in the nearly
unfragmented South site, whereas they were negative in
the moderate to highly fragmented North and Smoky sites.
Variation in predation rates among sites was positively as-
sociated with the degree of habitat fragmentation (McNew
et al. 2011a), and variation in the regional rates of population
declines may be better explained by patterns of landscape
composition and fragmentation than by differences in range-
land management practices of grasslands.
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MANAGEMENT IMPLICATIONS

Populations of prairie-chickens at our study sites in the Flint
Hills and Smoky Hills of Kansas are not viable with current
rates of low reproductive output. Results of sensitivity analy-
ses suggest that management actions aimed at increasing
adult survival will have the greatest benefit to declining
populations. However, actions focused solely on improving
adult survival rates are unlikely to be successful at stabilizing
populations, especially in the annually burned and intensively
grazed Flint Hills region, as adult survival is already near a
biological maximum of 0.64–0.71 per year. At current low
levels of nest and brood survival (<0.30 and <0.34, respec-
tively), adult survival would need to exceed 0.95 to offset
population declines at our study sites in the Flint Hills.
Management efforts aimed at increasing nest and brood
survival are likely more realistic. Provided adult survival
remains unchanged, probability of nest and brood survival
would need to exceed 0.55 and 0.63 for populations to
stabilize at the South and North sites, respectively.
Moreover, these rates are likely overestimates because
management actions that improve nest survival may enhance
other vital rates as well (Pitman et al. 2006b). Reproductive
performance might be improved in the Flint Hills by imple-
mentation of burning and grazing regimes that provide
adequate residual vertical and overhead herbaceous cover
for successful nesting and brood-rearing while preventing
encroachment and fragmentation of native prairie by woody
vegetation (McKee et al. 1998, Robbins et al. 2002, Patten
et al. 2007). Rotational grassland management regimes such
as patch-burn grazing may provide adequate nesting and
brood rearing habitat without negatively affecting cattle
production (Fuhlendorf et al. 2006, Rensink 2009), and
future research should address the potential of patch-burn
grazing for mitigating declines of prairie-chickens and other
grassland birds in the Flint Hills.
Nest and brood survival were higher for the Smoky Hills

population than the Flint Hills, but fecundity was still sig-
nificantly less than levels required for a self-sustaining pop-
ulation. In addition, the population at the Smoky site
experienced higher rates of predation on female prairie
chickens than populations in the Flint Hills. At current
levels of nest and brood survival, annual survival would
need to exceed 0.92 for the Smoky population to stabilize.
Alternately, nest and brood survival would need to exceed
0.80 for l � 1 at the Smoky site, given current survival
rates of females (�0.42). Thus, mitigating population
declines will likely be more difficult in areas suffering signifi-
cant loss (>40%) and fragmentation of prairie than in low
quality but contiguous prairies. Actions that improve both
reproductive and survival rates simultaneously, such as pred-
ator removals or prairie restoration, will be required.
Predator removals can benefit fecundity and adult survival
of ground-nesting game birds (Garrettson and Rohwer 2001,
Frey et al. 2003) but are expensive, time-consuming, and a
short-term solution for relatively small areas (Côté and
Sutherland 1997). Management actions aimed at reducing
the negative impacts of edge effects by increasing the num-

ber, sizes, and proximity of tallgrass prairie fragments will
likely be more effective at increasing vital rates, and improv-
ing long-term population viability. The effects of landscape
composition and arrangement, rangeland management
regimes, and their interaction on productivity and survival
need to be quantified for more effective management of
prairie-chickens and other sensitive species of grassland
birds.
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